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The  capture  of  carbon  dioxide  (C02 )  from  the  air  for  microalgal  cultivation  has  received  increasing  interest 
since  it  allows  advantages  that  do  not  only  reduce  the  amount  of  C02  already  added  to  the  air,  but  it 
is  also  more  economical  due  to  the  accessibility  of  air,  there  are  no  regeneration  requirements  and  it 
is  a  safe  method  that  can  help  enhance  microalgal  growth.  In  order  to  capture  C02  from  the  air,  it  is 
necessary  to  deal  with  C02  emissions  from  all  sources  in  an  atmosphere.  Interestingly,  the  capture  unit 
and  microalgal  culture  can  be  located  at  any  favorable  site.  Although  a  number  of  photobioreactors  have 
been  proposed  with  a  C02  distribution  system,  the  consequence  of  C02  losses  is  still  being  ignored. 
Thus,  capturing  C02  from  the  air  via  an  integrated  separation  process  in  a  photobioreactor  is  required 
for  microalgal  cultivation.  Among  the  four  available  separation  technologies,  the  membrane  separation 
process  would  offer  a  safe,  reliable  and  low  cost  method  for  C02  capture.  Thus,  this  method  of  separation 
can  be  considered  as  a  key  factor  in  accelerating  the  development  of  a  C02  enrichment  process  from  the 
air  for  microalgal  cultivation. 

©  2011  Elsevier  Ltd.  All  rights  reserved. 
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1.  Introduction 

Microalgae  are  photosynthetic  microorganisms  that  convert 
light,  water  and  nutrients  (carbon  dioxide  (C02),  nitrate,  etc.)  for 
commercial  and  industrial  purposes.  The  cultivation  of  microalgae 
for  health  benefits  has  extraordinary  potential,  and  their  use  in  the 
development  of  future  forms  of  renewable  energy  is  of  particular 
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interest  [1-3].  They  can  be  cultivated  under  extreme  agro-climatic 
conditions  and  are  able  to  produce  a  wide  range  of  value-added 
bio-products.  Certain  microalgae  are  effective  in  the  production  of 
hydrogen  and  oxygen  through  the  process  of  biophotolysis,  while 
others  naturally  manufacture  hydrocarbons  that  are  suitable  for 
direct  use  as  high-energy  liquid  fuels  [4]. 

Microalgae  have  a  large  capacity  for  producing  lipids  for  biofuel. 
They  have  high  potential  as  biofuel  feedstocks  because  of  their  high 
rate  of  productivity.  Microalgae,  in  addition,  are  receiving  increase 
attention  in  the  search  for  sustainable  and  profitable  biofuel  feed¬ 
stocks.  Interestingly,  the  productivity  of  microalgae  is  greater  than 
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that  of  the  world’s  vegetation  product  [5,6].  Although  microalgal 
productivity  is  not  limited  to  the  production  of  biofuel,  the  ability 
to  transform  microalgae  into  biofuel  is  an  escalating  science  that  is 
significant  to  the  renewable  energy  industry,  even  though  some  dif¬ 
ficulties  such  as  reactor  limitations  and  low  lipid  contents  must  be 
solved  as  a  priority  [7].  It  is  well  known  that  biofuel  is  clean  burn¬ 
ing,  non-toxic  and  carbon  neutral  to  the  environment.  This  clean 
biofuel  could  control  the  problem  of  global  warming.  Several  stud¬ 
ies  have  documented  the  significance  of  emission  improvements 
in  biofuel  over  petroleum  fuel  and  this  may  be  an  important  ben¬ 
efit  for  urban  air  quality  [8,9].  Furthermore,  it  is  believed  that  the 
alteration  of  fuel  consumption  from  fossil  fuel  to  biofuel  will  come 
through  the  development  of  innovative  microalgal  plants. 

Microalgae  do  not  require  a  large  area  for  cultivation:  only 
3%  of  the  area  required  by  vegetation  is  needed  [4,9].  Including 
these  advantages,  Umdu  and  co-workers  [10]  reviewed  the  poten¬ 
tial  of  microalgae  for  the  production  of  biofuel  and  concluded  that 
microalgae  are  promising  because: 

(a)  they  grow  rapidly,  with  cells  multiplying  quickly  within  24  h; 

(b)  improvements  in  their  lipid  contents  can  be  made  by  changing 
medium  conditions,  such  as  light  and  nutrients; 

(c)  they  can  be  harvested  on  a  large  scale  with  continuous  produc¬ 
tion  for  the  continual  supply  of  oil; 

(d)  salty  or  low  quality  water  can  be  used  for  growing  microalgae; 

(e)  the  carbon  source  for  culture  growth  is  easily  acquired,  for 
instance  C02  from  atmospheric  air; 

(f)  biofuel  from  algal  lipids  is  non-toxic  and  highly  biodegradable; 

(g)  microalgal  biofuel  production  is  up  to  300  times  greater  com¬ 
pared  to  traditional  crops  on  the  basis  of  area. 

Despite  the  potential  of  microalgae  as  a  biofuel  resource,  many 
challenges  have  impeded  the  development  of  microalgal  biofuel 
technology  to  commercial  viability  for  sustainable  production. 
Important  factors  such  as  light,  nutrients,  metabolic  engineering 
and  economic  considerations  need  to  be  addressed  for  microal¬ 
gal  cultivation  [4].  Previously,  some  studies  revealed  the  fact  that 
C02  also  plays  an  important  role  in  microalgal  development  and,  in 
particular,  a  number  of  engineering  studies  were  provided  on  the 
photosynthetic  systems  of  microalgae  [8,9].  These  systems  are  the 
best  near-to-intermediate  term  solution  for  reusing  carbon  emis¬ 
sions  in  the  energy  sector  and,  consequently,  they  may  reduce  the 
atmospheric  C02  concentration.  Based  on  these  biological  systems, 
diverse  biochemical  engineering  processes  are  being  carried  out 
in  which  the  metabolism  of  these  photosynthetic  microorganisms 
converts  nutrients  such  as  C02,  water  and  light  energy  into  natural 
molecules  to  obtain  energy  [9,10]. 

Conventionally,  the  microalgal  cultivation  process  has  to  be 
exposed  to  the  air  to  obtain  C02  from  the  atmosphere  for  cell 
growth  and  to  increase  the  added  value  of  the  microalgae.  Car¬ 
bon  dioxide  is  available  under  two  major  conditions:  on  the  one 
hand,  only  0.03-0.06%  C02  can  be  offered  as  normally  contained 
in  atmospheric  air  [11-13],  whereas  on  the  other  hand,  elevated 
C02  concentrations  can  be  considered,  for  instance,  in  flue  gas  or 
mixed  gas  (6-15%  C02)  [14-17],  which  has  become  a  major  focus 
of  the  environmental  agenda.  However,  in  order  to  grow  microal¬ 
gae  continuously,  the  C02  provided  should  be  safe  and  commonly 
available  in  order  to  trigger  microalgal  production.  Unlike  atmo¬ 
spheric  air,  flue  gas  may  comprise  amounts  of  toxic  gases  such  as 
NOx  and  SOx,  which  should  be  dealt  with  prior  to  the  cultivation 
process  [18].  Therefore,  capturing  C02  from  the  air  is  probably  an 
appropriate  method  for  providing  a  carbon  sink  from  which  C02 
can  be  consumed  by  microalgae  during  photosynthesis  [19]. 

In  this  paper,  the  requirements  of  capturing  and  enriching  C02 
from  the  air  for  microalgal  cultivation  will  be  highlighted.  We 
would  like  to  discuss  the  existing  technologies  of  C02  distribution 


systems  that  incorporate  C02  capturing  technologies  for  microal¬ 
gal  cultivation  and  the  improvement  of  environmental  conditions. 
In  order  to  be  selected  for  reliable  C02  enrichment,  these  separa¬ 
tion  processes  should  offer  several  practical  advantages  including 
high  selectivity  at  a  low  cost  with  the  potential  to  exert  a  positive 
influence  on  the  development  of  microalgae. 

2.  The  importance  of  carbon  dioxide  capture 

Carbon  dioxide  (C02)  is  essential  to  photosynthesis  and  other 
photoautotroph  processes.  However,  in  recent  years,  carbon  diox¬ 
ide  has  become  the  focus  of  attention  because  of  its  position  as  the 
primary  greenhouse  gas.  It  is  released  into  the  atmosphere  when 
carbon-containing  fossil  fuels  such  as  oil,  natural  gas,  and  coal  are 
burned  in  air.  Moreover,  deforestation,  which  liberates  the  carbon 
stored  in  trees,  as  well  as  human  activities  in  chemical  processing, 
results  in  more  C02  being  released. 

During  this  time  (since  pre-industrial  age),  the  atmospheric 
concentration  of  C02  has  increased  from  280  ppm  to  more  than 
370  ppm  currently  [20,21  ].  More  specifically,  coal  produces  approx¬ 
imately  50%  of  the  C02  emissions  from  fossil  fuels  (oil  37%  and  gas 
13%)  [22].  Global  C02  emissions  from  fossil  fuels  increase  by  more 
than  4%  each  year.  The  increase  in  C02  emissions  is  proportional  to 
the  world’s  population  growth  rate,  which  is  estimated  to  increase 
exponentially  by  1.35  [23].  As  a  result,  the  C02  concentration  in 
the  air  is  expected  to  increase  by  75  ppm  during  2000-2050  [22]. 
The  increase  of  100  ppm  since  the  pre-industrial  age  has  already 
caused  about  75%  of  the  anticipated  1  °C  warming  [24].  Hansen  et  al. 
[22]  predicted  that  levels  of  C02  greater  than  450 ppm  would  be 
“dangerous”  and  could  be  highly  destructive  to  the  world’s  global 
climate.  Thus,  these  phenomena  indicate  that  the  capture  of  C02 
from  the  air  will  be  developed  as  an  important  long-term  air  treat¬ 
ment  strategy  for  managing  climate  risk. 

Most  of  the  carbon  capture  storage  (CCS)  technologies  only  mit¬ 
igate  C02  from  fossil  fuel  or  large  fixed-point  sources  such  as  power 
plants  [25,26].  Although  technologies  to  capture  C02  from  the  flue 
gas  of  coal-fired  power  plants  can  cut  emissions,  these  technologies 
still  cannot  reduce  the  climate  risk  posed  by  the  C02  that  has  been 
added  to  the  air.  Unlike  the  mitigation  of  C02  from  flue  gas,  the 
advantage  of  capturing  C02  from  the  air  is  that  there  is  no  need  to 
extract  all  of  the  C02  out  of  the  air  [27].  Carbon  dioxide  gas  is  still 
required  in  the  air  to  prevent  the  earth’s  temperature  becoming 
lower  than  the  freezing  temperature  of  273 1<  [28].  Moreover,  the 
necessity  of  capturing  C02  from  the  air  is  due  to  its  ability  to  remain 
in  the  air.  The  percentage  of  C02  remaining  in  the  air  (C02  (%))  can 
be  calculated  using  the  Bern  carbon  cycle  model  (Eq.  (1)),  where  t 
is  time  in  years  [22].  Using  this  equation,  it  has  been  shown  that 
the  level  of  C02  in  the  air  will  still  remain  at  approximately  0.33% 
of  the  initial  C02  concentration  after  100  years  and  at  about  0.2% 
after  1000  years  or  even  after  2000  years.  However,  other  emission 
gases  in  flue  gas  such  as  SOx  and  NOx  have  a  relatively  short  life¬ 
time  in  the  air  (i.e.  hours  to  days  for  NOx  and  14-20  days  for  SOx) 
[29,30].  Consequently,  the  remaining  fraction  of  C02  will  accumu¬ 
late  and  create  elevated  levels  of  C02  in  the  air.  Hence,  this  situation 
will  pose  long  term  climate  and  geochemical  risks.  In  order  to  sta¬ 
bilize  the  concentration  of  C02,  it  is  necessary  to  deal  with  C02 
emissions  from  all  sources  in  an  atmosphere.  Thus,  capturing  C02 
from  the  air  could  be  favorable  for  halting  the  increase  in  atmo¬ 
spheric  concentrations  of  greenhouse  gases  and  for  avoiding  the 
dangers  of  climate  change  [25].  It  also  seems  to  be  significant  for 
avoiding  the  next  predicted  1  °C  temperature  rise.  In  addition,  the 
capture  of  C02  from  the  air  can  compensate  for  any  emitted  C02 
by  capturing  C02  at  a  different  location  and  time.  The  capture  unit 
can  be  located  at  a  favorable  sequestration  site  and  the  need  for 
extensive  C02 -transportation  infrastructure  can  be  avoided  [26]. 
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Fig.  1.  Different  carbon  dioxide  sources  for  cultivation  of  microalgae. 


Therefore,  the  unit  can  be  taken  to  places  far  away  from  populated 
cities.  In  addition,  the  large-scale  capture  of  C02  from  the  air  could 
reduce  the  concentration  of  C02  in  the  atmosphere.  Subsequently, 
the  C02  capturing  process  will  treat  the  emission  of  greenhouse 
gases  comprised  of  C02. 

C02(%)  =  18  +  I4e-t/420  +  18e-t/70  +  24e-t/21  +  26e-f/3-4  (1) 

The  capture  of  C02  can  be  engineered  by  capturing  C02  from 
ambient  air  whether  for  the  disposal  of  C02  or  for  the  benefits  of 
its  reuse  [8,9,27].  Additionally,  over  the  long  term,  the  ability  to 
capture  C02  from  the  air  should  not  be  viewed  only  as  an  essential 
tool  for  managing  carbon  climate  risks,  but  also  as  a  source  for  the 
generation  of  renewable  energy,  such  as  by  using  microalgae.  This 
is  because  the  process  of  recapturing  C02  from  the  air  completes 
the  carbon  cycle  in  the  atmosphere.  This  way,  it  can  serve  as  a  ben¬ 
eficial  feedstock  for  microalgal  cultivation.  Moreover,  studies  have 
also  shown  the  potential  of  microalgae  in  adsorbing  a  portion  of 
anthropogenic  C02  as  a  fixed  organic  carbon  source  to  be  used  in 
the  photosynthetic  process  [31,32]. 

3.  Carbon  dioxide  for  microalgal  cultivation 

3.2.  Correspondence  between  the  concentration  of  carbon  dioxide 
and  microalgal  cultivation 

Generally,  there  are  three  sources  of  C02  that  can  be  used  for  cul¬ 
tivating  microalgae  [7,11,14].  Fig.  1  shows  the  different  sources  of 
C02  for  microalgal  cultivation.  Although  commercial  C02  is  widely 
available,  it  should  not  be  a  priority  for  the  microalgal  cultivation 
process  since  it  is  not  continuously  available  [33,34].  Moreover, 
the  consumption  of  commercial  C02  can  increase  microalgal  pro¬ 
duction  costs  and  decrease  the  potential  of  using  microalgae  to 
mitigate  C02  levels  in  the  air.  It  is  preferable  for  this  high  purity 
C02  gas  (up  to  99%)  to  be  mixed  with  air  at  a  certain  ratio  (i.e. 
1%  C02).  This  mixing  can  reduce  the  carbonate  accumulation  that 
decreases  C02  consumption  by  the  ribulose  bisphosphate  carboxy¬ 
lase  oxygenase  (RuBisCO)  enzyme  in  the  bulk  liquid  [33].  The 
RuBisCO  enzyme  is  responsible  for  the  consumption  of  C02,  serv¬ 
ing  as  the  biological  carbon  sink.  It  is  necessary  to  convert  C02  into 
3C-phosphoglycerate  (3-PGA)  molecules  in  the  Calvin  Cycle  during 
the  day  because  ribulose  1,5-bisphosphate  (RuBP)  is  not  produced 
in  the  dark.  However,  insufficient  amounts  of  C02  will  cause  bind¬ 
ing  of  the  RuBisCO  enzyme  to  oxygen  (02)  rather  than  C02.  This 
process  is  called  photorespiration.  Therefore,  in  order  to  provide 
an  adequate  amount  of  C02  for  the  RuBisCO  enzyme,  the  optimal 
pH  of  C02  in  the  bulk  liquid  must  be  in  the  range  of  pH  8.5-10.3 
[33]. 

Secondly,  flue  gas  (or  mixed  gas)  has  also  been  found  to  be 
another  source  of  C02  for  microalgal  growth  [35].  Normally,  the 
concentration  of  C02  in  flue  gas  is  around  10-15%  and  is  only  avail¬ 


able  in  limited  places  such  as  near  urban  and  industrial  areas  [25]. 
Furthermore,  besides  these  limited  places  and  availability,  prior  to 
C02  dispersion  into  the  microalgal  cultivation  process,  the  flue  gas 
needs  another  treatment.  According  to  Lee  and  Lee  [18],  microal¬ 
gal  growth  becomes  inhibited  by  the  increasing  injection  rate  of 
flue  gas  into  the  culture  medium.  The  most  important  inhibitory 
compounds  to  microalgal  cells  are  NOx  and  SOx  in  flue  gas  [18]. 
The  presence  of  NOx  and  SOx  gases  reduces  the  pH  to  levels  lower 
than  minimal  (pH  8.5)  in  the  bulk  liquid.  In  addition,  the  most  C02- 
tolerant  microalgae  can  survive  in  conditions  lower  than  50  ppm 
NOx  and  SOx  [36,37].  Therefore,  controlling  the  pH  level  in  the 
microalgae  medium  is  necessary  for  minimizing  the  toxicity  of  the 
C02  supplied,  otherwise  the  microalgal  population  will  be  harmed 
and  become  reduced  in  number  [7].  A  number  of  research  studies 
have  been  carried  out  in  attempts  to  overcome  the  effects  of  NOx 
and  SOx  [37-39].  They  have  controlled  the  pH  by  introducing  high 
C02  concentrations  (15-20%)  or  by  providing  sodium  hydroxide 
(NaOH)  to  the  culture  system.  However,  controlling  the  pH  level  in 
the  culture  system  is  only  effective  for  some  microalgae,  such  as 
Chlorella  littorale  Chlorella  HA-1,  Syne chocystis  sp.,  Chlorella  caldar- 
ium  and  Chlorella  KR-1  [38].  It  was  found  that  acidophilic  microalgal 
strains  were  not  inhibited  by  50  ppm  NOx  and  growth  well  in 
50 ppm  of  SOx  aeration  [38].  Therefore,  to  provide  an  excellent 
microalgal  growth,  C02  from  atmospheric  air  could  be  a  significant 
source  of  harmless  C02  for  microalgal  cultivation. 

Although  increases  in  the  concentration  of  C02  cause  global 
warming,  the  current  atmospheric  concentration  of  C02  is  still  not 
adequate  to  sustain  a  viable  colony  of  the  proposed  microalgae. 
For  example,  Chlorella  vulgaris  grows  very  slowly  when  only  uti¬ 
lizing  0.035%  C02  in  the  air  [35].  Our  previous  work  [33]  found 
that  the  maximum  growth  rate  of  Chlorella  vulguris  for  C02  fixation 
is  obtained  when  the  concentration  of  C02  in  the  aeration  gas  is 
around  1%.  Besides  this,  microalgae  such  as  Chlorella  sp.  also  have 
a  good  tolerance  toward  high  C02  concentrations  and  can  grow  in 
C02  concentrations  in  excess  of  5%  [39].  Moreover,  it  was  found  that 
the  growth  of  this  culture  remained  stable  each  day,  even  though 
high  concentrations  of  C02  (10-15%)  were  introduced  into  the  cul¬ 
ture  system  [11].  It  has  also  been  revealed  that  Chlorella  sp.  can 
grow  in  up  to  40%  C02  at  pH  5.5-6.0  and  at  30  °C  [40].  According 
to  Chiu  et  al.  [11],  a  high  C02  concentration  is  beneficial,  espe¬ 
cially  when  cultivating  high  density  cultures  such  as  Chlorella  sp. 
(8  x  106  cells  mL_1 ),  in  order  to  enhance  the  availability  of  C02  as 
the  carbon  source.  Furthermore,  a  study  on  the  effects  of  microal¬ 
gal  populations  under  low  and  high  C02  concentrations  found  that 
environmental  C02  gas,  which  is  found  at  concentrations  up  to 
30%,  can  increase  primary  productivity  in  natural  populations  of 
microalgae  [35].  Hence,  several  studies  have  shown  the  importance 
of  the  concentration  of  C02  in  algal  cultivation,  which  can  serve  as 
an  excellent  tool  for  C02  biofixation,  reducing  the  level  of  C02  in 
the  air  [18,41]. 

Normally,  when  research  into  C02  fixation  by  microalgae  is  con¬ 
ducted,  biomass  production  is  the  most  important  product  that 
should  be  observed  [42].  This  biomass  production  is  used  to  indi¬ 
cate  microalgal  productivity.  For  example,  a  high  level  of  biomass 
with  a  high  lipid  or  hydrocarbon  content  can  produce  better  bio¬ 
fuel  productivity.  However,  there  are  still  some  inconsistencies 
in  the  production  rates  reported  in  the  literature  (Table  1).  Some 
strains  can  only  tolerate  low  concentrations  of  C02  in  the  gas  stream 
(below  2%),  whereas  some  can  tolerate  concentrations  greater  than 
2%  C02  (2-15%)  for  high  levels  of  lipid  production.  It  is  believed  that 
the  optimum  consumption  of  C02  and  the  high  lipid  or  hydrocar¬ 
bon  content  of  microalgae  provides  the  best  circumstances  for  the 
production  of  liquid  biofuel  [4,43,44].  Moreover,  these  important 
products  of  microalgae  can  exceed  up  to  70%  of  their  dry  mass, 
even  though  algae  with  a  lipid  content  of  around  30%  is  more  com¬ 
mon  [4].  According  to  Table  1,  although  there  is  interest  in  the  C02 
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Table  1 

Microalgae  biomass  production  at  a  certain  CO2  concentration. 
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Microalgae 

CO2  initial 

CO2  fixation 

Biomass  Production 
(mg  L-1  d”1) 

Lipid  productivity 
(mg  L-1  d”1) 

References 

Aphanothece  microscopica  Nageli 

15% 

-99% 

540-770 

—40-60 

[43,48] 

Botryococcus  braunii 

0.5-10% 

- 

40-750 

40-480  (hydrocarbon) 

[47,49] 

Chlorella  kessleri 

6-18% 

-4% 

67-87 

- 

[50,51] 

Chlorella  protothecoides 

2% 

- 

2860 

417 

[13,52] 

Chlorella  sp. 

2-15% 

16-58% 

760-870 

- 

[HI 

Chlorella  vulguris 

—2% 

74% 

30-45 

15-25 

[12,45] 

Nannochloropsis  oculata 

2-15% 

-13-55% 

490 

80-150 

[53] 

Platymonas  subcordiformis 

<10% 

-3% 

44 

- 

[54,55] 

Scenedesmus  obliquus 

6-18% 

14-28% 

-60-160 

10-80 

[50,56] 

Spirulina  plutensis 

4% 

61.5% 

350 

4-9 

[34] 

Spirulina  sp. 

6% 

-5-9% 

125-280 

5-20 

[2,51] 

>12% 

1-5% 

biofixation  of  Aphanothece  microscopica  Nageli,  Botryococcus  braunii 
and  Chorella  vulguris  have  higher  hydrocarbon  and  lipid  contents, 
respectively,  which  almost  comprise  60%  of  their  dry  weight,  espe¬ 
cially  under  nitrogen  depletion  [45-47].  These  findings  illustrate 
the  fact  that  research  on  C02  fixation  by  microalgae  can  yield  a  high 
lipid  content  coupled  with  a  high  volume  of  productivity  under 
the  appropriate  cultivation  conditions.  With  a  high  C02  require¬ 
ment,  microalgae  can  be  annually  harvested  and  collected  as  biofuel 
energy  source. 

However,  the  processes  for  production  and  biological  flue  gas 
cleanup  are  still  under  development.  There  are  several  problems, 
such  as  the  biomass  productivity  being  too  low  and  the  C02  uti¬ 
lization  not  sufficient  for  meeting  industrial  challenges.  Consistent 
with  the  results  of  Chisti  [4],  it  has  been  shown  that  reaching  a  sta¬ 
ble  and  high  level  of  productivity  from  microalgae  is  difficult,  even 
though  a  number  of  efficient  strategies  are  developed.  Thus,  a  rigor¬ 
ous  technology  should  be  adopted  in  order  to  optimize  the  recovery 
and  enhance  the  distribution  of  C02  in  microalgal  cultures.  Conse¬ 
quently,  the  production  of  biofuels  by  microalgal  cultures  could  be 
increased  to  be  competitive  with  petroleum-derived  fuels. 

3.2.  Carbon  dioxide  distribution  in  the  photobioreactor 

Various  methods  have  been  developed  in  order  to  isolate  and 
cultivate  microalgae  in  the  laboratory,  as  well  as  outdoors,  on  a 
large  scale  of  production  [4].  In  the  conventional  production  pro¬ 
cess,  an  open  pond  is  preferable  for  microalgal  growth  [57,58]. 
An  open  pond  bioreactor  allows  the  penetration  of  C02  from  the 
atmosphere  for  microalgal  cultivation  [7].  However,  the  open  pond 
system  is  more  susceptible  to  evaporative  losses  and  C02  diffu¬ 
sion  into  the  atmosphere.  In  addition  to  C02  losses,  contaminants, 
which  are  created  by  unnecessary  algae  or  protozoa  in  the  open 
pond  system,  make  this  system  inefficient  [59,60].  Thus,  in  order  to 
overcome  this  difficulty,  the  pond  must  be  covered  or  transpar¬ 
ent  material  must  be  used,  as  indicated  by  Jorquera  et  al.  [61]. 
This  covering  allows  an  extension  of  the  growing  period  of  the 
microalgae.  This  in  turn  facilitates  the  requirement  of  C02  in  the 
medium  and  maintains  a  high  temperature  at  night.  Moreover,  cov¬ 
ering  an  open  pond  can  trap  the  C02  losses,  resulting  in  improved 
microalgal  populations  and  biomass  productivity  [62,63].  In  addi¬ 
tion,  environmental  conditions,  especially  C02  distribution,  can 
also  be  controlled  to  benefit  growth  of  the  microalgae  [64,65]. 

However,  essential  issues  such  as  the  minimization  of  C02 
losses  must  also  be  addressed.  Moreover,  the  local  C02  concen¬ 
tration  in  the  culture  medium  should  not  drop  below  the  critical 
C02  value  required  for  microalgal  cultivation  at  any  point.  When 
the  C02  concentration  in  a  microalgal  medium  becomes  too  lim¬ 
iting,  photosynthesis  is  restricted  [66].  Thus,  in  order  to  enable 
excellent  biomass  production  and  the  efficient  mass  transfer  of 
C02,  the  microalgal  cultivation  system  must  be  equipped  with  a 


photobioreactor.  The  proper  penetration  of  C02  into  the  photo¬ 
bioreactor  will  enable  the  microalgae  to  easily  consume  the  carbon 
atoms  and  the  culture  will  accumulate  to  form  biomass  [67,68]. 
For  instance,  Dutil  [69]  designed  a  photobioreactor  that  includes 
a  gas  channel  for  cultivating  photosynthetic  organisms.  In  his  sys¬ 
tem,  C02  is  supplied  by  a  gas  dispenser  extending  to  the  bottom 
floor  of  the  container.  This  gas  dispenser  is  generally  parallel  to  the 
light-emitting  tube  and  supplies  C02-enriched  air  to  the  container. 
Moreover,  placing  the  gas  dispenser  at  the  bottom  of  the  reactor  can 
enhance  mixing  of  the  C02  with  the  microalgae.  Besides  this,  a  simi¬ 
lar  cultivation  process  has  also  been  designed  which  distributes  gas 
through  a  parallel  sparger  [70].  The  sparger  is  comprised  of  plurality 
pin  holes  that  provide  significant  C02  dispersion  and  also  reduces 
the  mixing  time.  Furthermore,  Contreras  et  al.  [71]  reported  that 
improvements  of  the  C02  mixing  time  can  diminish  the  C02  gra¬ 
dient  in  the  medium  and  increase  the  availability  of  C02  for  the 
microalgae.  As  a  result,  this  improvement  enhances  the  specific 
growth  rate  of  microalgae  for  a  higher  biomass  concentration. 

In  2007,  another  photobioreactor  invention  was  introduced  by 
Levin  [72].  In  his  invention,  C02  is  supplied  by  introducing  a  col¬ 
umn  for  gas  distribution  to  the  microalgae  that  includes  oxygen 
(02)  stripping  to  avoid  02  saturation  during  photosynthesis.  It  is 
known  that  02  saturation  in  the  microalgal  medium  can  inhibit 
microalgal  growth  even  when  an  elevated  concentration  of  C02  is 
supplied  [41,73].  Furthermore,  the  gas  distribution  channels  must 
be  arranged  in  parallel  to  each  other  in  order  to  maximize  C02 
consumption  for  microalgal  growth  [72].  However,  those  inven¬ 
tors  have  only  designed  C02  distribution  systems  that  bubble  C02 
into  the  culture  medium.  This  is  not  particularly  effective  in  terms 
of  mass  transfer.  The  overall  mass  transfer  coefficient  of  C02,  I<La 
(C02),  can  be  calculated  by  multiplying  the  overall  mass  transfer 
coefficient  of  02,  I<La  (02),  by  a  factor  of  0.91  [41].  The  I<La  (02)  can 
be  evaluated  using  the  following  02  mass  balance  equation  (Eq.  (2)) 

[74] : 

=  ([02]out  -  [02]in)  =  Wta(02)([0^]  -  [02]);m(l  -  e)  (2) 

where  JL  is  the  liquid  volume  flow  rate  (Lmin-1 ),  s  is  the  gas  hold 
up,  which  is  determined  by  the  volume  expansion  method  (Eq.  (3)) 

[75] ,  where  V  is  the  volume  of  the  fluid  in  the  reactor  with  aeration, 
and  V  is  the  volume  of  the  fluid  without  aeration.  [02  ]  and  [02  ]*  are 
the  dissolved  02  concentration  and  the  equilibrium  concentration 
of  02  in  the  liquid  (mol  L-1 )  and  ([02*]  -  [O 2])/m  is  the  logarithmic 
mean  driving  force  for  02  transfer  (mol  L_1 ): 


The  value  of  the  gas  hold  up  (s)  is  proportional  to  the  overall 
mass  transfer  coefficient  I<La  (Eq.  (2)).  According  to  our  experiment 
effort  [41],  bubbling  gas  has  a  smaller  gas  hold  up  than  the  mem¬ 
brane  sparger.  This  is  because  bubbling  gas  has  a  larger  bubble 
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Gas  delivery 


Fig.  2.  Airlift  photobioreactor  with  gas  and  light  delivery  system. 


diameter  in  the  bulk  liquid.  A  larger  bubble  diameter  will  have  a 
smaller  velocity  and  a  small  expansion  volume.  Consequently,  the 
value  of  the  gas  hold  up  will  be  reduced,  as  calculated  by  Eq.  (3). 
Thus,  it  is  preferable  to  integrate  the  membrane  into  the  photo¬ 
bioreactor  system  to  improve  the  C02  mass  transfer  in  an  algae 
medium.  It  has  been  demonstrated  that  a  membrane  such  as  a  sil¬ 
icone  tube  will  enlarge  the  contact  area  between  the  C02  and  the 
algae  medium  by  diffusing  the  gas  through  the  membrane  [76].  In 
contrast  to  the  conventional  C02  bubbling  process,  the  KLa  for  C02 
transfer  using  the  membrane  is  reported  to  be  50%  greater  [77]. 

In  our  previous  works,  we  also  attempted  to  enhance  the  C02 
distribution  by  applying  a  membrane  sparger  in  an  airlift  photo¬ 
bioreactor  [33,41 ,78].  In  these  works,  various  membrane  fiber  types 
and  distribution  specifications  were  used  in  the  photobioreactor, 
such  as  membrane  sparger,  a  membrane  contactor  and  bubbling 
gas.  The  results  showed  that  the  photobioreactor  using  the  mem¬ 
brane  contactor  provided  the  smallest  value  of  I<La  (C02)  in  the 
range  of  0.0007-0.0082  s-1 .  This  is  because  in  this  system  virtually 
no  bubbles  permeated  into  the  medium.  Meanwhile,  by  using  bub¬ 
bling  gas,  the  I<La  (C02)  was  slightly  increased  from  0.0056  s-1  to 
0.0180  s-1.  However,  the  I<La  (C02)  of  this  bubbling  gas  was  still 
lower  than  that  of  the  membrane  sparger.  The  membrane  sparger 
had  the  highest  I<La  (C02)  (0.0692-0.1289  s-1 )  and  consequently 
accelerated  the  mass  transfer  of  C02  into  the  culture  medium  [41  ]. 
The  process  with  the  large  I<La  (C02)  coefficient  had  the  short¬ 
est  C02  transport  time,  which  may  have  resulted  in  an  easier  C02 
dispersion  into  the  medium.  Moreover,  a  membrane  sparger  can 
distribute  C02  at  a  rate  up  to  five  times  faster  than  other  specifi¬ 
cation  distribution  rates  [78].  Thus,  the  membrane  sparger  seems 
to  be  a  promising  device  that  can  be  combined  with  the  microalgal 
cultivation  process  in  order  to  increase  C02  consumption.  In  sum¬ 
mary,  the  closed  membrane  sparged  photobioreactor  can  be  set  up 
using  the  following  criteria: 

(a)  It  must  be  made  from  tough  and  durable  materials  that  accom¬ 
modate  easy  control  in  order  to  avoid  any  contamination. 

(b)  It  must  be  easy  to  install  with  an  appropriate  C02  distribution 
system  while  avoiding  02  accumulation. 

(c)  The  distribution  system  should  provide  an  acceptable  C02  con¬ 
centration  with  maximum  dispersion  for  consumption  by  the 
algal  culture. 

(d)  The  provided  sparged  membrane  system  must  also  be  able  to 
control  membrane  fouling  problems. 

In  agreement  with  Greenwell  et  al.  [79],  the  photobioreactor 
with  an  excellent  gas  distribution  system  must  also  provide  an 


optimum  light  source  (A  =  400-700  nm)  for  culture  growth.  The 
light  permeable  vessel  of  a  complete  photobioreactor  system 
equipped  with  gas  and  light  delivery  systems  is  illustrated  in  Fig.  2. 
In  this  figure,  the  air  and  C02  are  supplied  to  the  cultures  through  a 
gas  supplement  port  at  the  bottom  of  the  gas  delivery  system.  The 
gas  is  then  distributed  through  the  channels  for  dispersion.  These 
gas  distribution  channels  can  be  made  of  dead-end  materials  such 
as  a  membrane  or  a  silicone  tube  comprised  of  micropores  in  order 
to  reduce  the  C02  bubble  size  for  maximum  dispersion  throughout 
the  culture  medium.  Furthermore,  in  this  system,  the  generated 
02  gas  and  the  reduced  C02  gas  are  released  from  the  top  of  the 
column.  Interestingly,  the  light  delivery  in  this  system  is  separated 
from  the  gas  delivery  in  order  to  reduce  the  light  reflecting  problem 
which  is  due  to  bubble  accumulation  as  indicated  previously  [78]. 

However,  for  the  closed  photobioreactor  in  the  microalgal  cul¬ 
tivation  process,  it  is  still  common  to  supply  C02  for  microalgal 
growth  during  daylight  [4,51 ,68].  Regardless  of  the  systems  for  C02 
distribution,  most  experiments  do  not  consider  the  effect  of  gas 
losses  to  the  atmosphere  when  a  variety  of  C02  concentrations  are 
used.  Regarding  the  study  by  Rubio  et  al.  [74],  diffusion  through 
tiny  holes  can  offer  better  C02  mixing  but  it  may  not  eliminate 
C02  losses.  Thus,  a  higher  cost  is  developed  and  increased  levels 
of  C02  released  to  the  atmosphere  will  subsequently  increase  the 
air  emission  problem.  Although  a  number  of  studies  [71,80]  have 
worked  on  controls  to  sufficiently  distribute  the  C02  concentration 
(e.g.  the  supply  of  high  C02  concentrations  at  midday),  C02  losses 
cannot  be  abolished  because  of  the  C02  that  is  not  consumed  by 
the  microalgae.  Even  though  a  hollow  fiber  membrane  has  been 
proposed  in  order  to  improve  the  mass  transfer  of  C02,  there  is 
still  a  need  for  improvements  to  the  C02  feedstock  to  avoid  C02 
generation  into  the  atmosphere  [41,78].  In  view  of  this,  the  design 
of  a  system  that  captures  C02  from  the  air  as  the  C02  feedstock 
is  addressed  here.  Carbon  dioxide  feedstock  from  the  atmosphere 
can  assure  better  microalgal  growth  while  reducing  C02  emissions 
to  the  atmosphere,  which  should  help  to  halt  the  global  warming 
issue,  as  mentioned  previously. 


4.  Capturing  carbon  dioxide  from  the  air 

Capturing  C02  from  the  air  has  been  studied  for  decades  in  the 
context  of  producing  C02-free  air  [32].  In  addition,  the  purpose  is 
to  collect  C02  as  reasonably  as  possible  and  to  store  it  for  variety 
of  purposes.  The  initiative  of  capturing  C02  from  the  air  becomes 
more  complicated  and  requires  more  efficiently  developed  tech¬ 
nology  when  the  C02  concentration  in  the  gas  stream  is  very 
low.  Indeed,  the  C02  content  in  air  is  approximately  400  ppm  by 
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volume,  as  discussed  earlier.  Such  a  high  degree  of  C02  dilution 
limits  the  practical  capture  options  of  sorption  approaches  [25]. 
However,  many  considerations  need  to  be  looked  at  first,  such  as 
the  energy  cost  required  for  the  absorption  and  desorption  of  C02 
gas  and  the  ability  of  the  capturing  system  to  accumulate  the  C02 
to  be  used  in  future  works.  Furthermore,  the  material  must  rea¬ 
sonably  easy  to  use  and  safe  under  the  environmental  conditions 
studied.  In  this  section,  we  intend  to  distinguish  the  existing  tech¬ 
nologies  of  C02  capture  from  the  air  in  terms  of  its  availability  and 
C02  accumulation  possibilities  and  also  its  opportunity  to  provide 
C02  feedstock  for  microalgal  cultivation. 

42.  Carbon  dioxide  enrichment  technologies 

The  capture  of  C02  from  the  air  is  possible  and  necessary  for 
achieving  stabilization  of  the  global  C02  concentration  in  the  atmo¬ 
sphere  [81  -83  ].  In  addition,  during  photosynthesis,  plants  routinely 
use  C02  from  the  air  to  provide  energy,  as  stated  previously.  Fur¬ 
thermore,  C02  in  the  air  is  not  harmful  and  it  is  always  available 
for  microalgal  cultivation.  However,  recovering  C02  is  not  an  easy 
task  and  it  requires  suitable  technology  for  the  separation  of  C02 
to  a  recovery  site.  Two  factors  make  the  capture  of  C02  from  the  air 
require  very  adequate  technology  [27] :  ( 1 )  a  higher  thermodynamic 
barrier  due  to  the  lower  concentration  of  C02  in  air;  (2)  the  high 
energy  and  material  costs  of  moving  large  quantities  of  air  through 
the  capturing  process.  Even  the  energy  required  to  capture  C02 
from  the  air  is  huge  (442-679  kj/mol  C02)  and  increases  the  sepa¬ 
ration  costs;  however,  the  capture  of  C02  from  the  air  still  remains 
as  a  priority  for  reducing  emissions  from  sources  of  spread,  such 
as  factories  and  transportation  [25,81,82,84].  Furthermore,  many 
possible  combinations  of  processes  and  separation  methods  can  be 
conceived  for  C02  capture  and  recovery,  as  well. 

Generally,  the  C02  capturing  process  can  be  undertaken  by  such 
technologies  as  shown  in  Table  2.  As  can  be  seen,  capturing  C02  by 
chemical  absorption  is  based  on  the  dissolution  or  solubility  of  a 
gas  into  the  liquid  phase.  This  process  was  discovered  about  half  a 
century  ago  for  the  absorption  of  C02  from  the  air  using  an  alkaline 
solution  [98,99].  Recently,  a  number  of  researchers  also  dealt  with 
this  absorption  process  for  capturing  C02  from  the  air  [20,84,100]. 
They  normally  used  monoethanolamie  (MEA),  potassium  hydrox¬ 
ide  (KOH)  or  NaOH  to  capture  C02  from  the  ambient  atmosphere. 
These  chemicals  react  with  C02  molecules  to  form  reacted  C02, 
and  the  chemicals  are  then  regenerated  again  using  heat  treat¬ 
ment.  These  processes  are  usually  unprofitable.  For  instance,  MEA 
desorption  can  typically  constitute  up  to  70%  of  the  total  operat¬ 
ing  costs  in  a  C02  capture  plant  [101].  Potassium  hydroxide  and 
NaOH  may  require  temperatures  of  approximately  100°C  or  above 
to  regenerate  the  sorbents  and  the  absorption  processes  are  likely 


to  be  performed  under  pressurized  conditions  [84].  As  higher  tem¬ 
perature  and  pressurized  condition  are  required,  intensive  energy 
inputs  are  desirable. 

A  second  separation  process  is  solid  physical  adsorption,  which 
is  known  to  be  one  of  the  most  widespread  commercial  processes 
for  gas  purification  and  air  separation  on  the  small  scale  for  atmo¬ 
spheric  air.  Adsorbents  such  as  the  X-type  zeolite  have  been  used 
for  air  purification  by  adsorbing  C02  from  ambient  air,  and  they  are 
then  utilized  for  the  separation  of  nitrogen  and  oxygen  [89,102]. 
As  well  as  showing  a  better  performance  in  the  adsorption  of  low 
concentrations  of  C02,  this  adsorbent  also  revealed  an  excellent 
function  in  absorbing  higher  C02  concentrations  (up  to  15%)  to 
control  C02  emissions  [88,103,104].  In  addition,  the  process  of 
carbonation-calcination  using  calcium  oxide  (CaO)  also  revealed 
the  ability  to  capture  C02  from  the  air  [26].  During  this  process,  the 
reacted  particles  of  CaO  are  transformed  into  calcium  carbonate 
(CaC03)  and  C02-depleted  air  leaves  the  reaction  site.  Then,  CaC03 
is  again  transformed  into  CaO  by  the  calcination  reaction.  However, 
according  to  Merel  et  al.  [91  ],  the  stronger  the  affinity  (adsorbent), 
the  more  difficult  it  is  to  desorb  the  gas  and,  consequently,  the  heat 
energy  required  for  recycling  and  reusing  the  adsorbent  in  the  next 
cycle  is  increased.  In  the  process  of  carbonation-calcination  using 
CaO  [81  ],  although  the  carbonization  step  practically  removes  C02 
from  the  air  completely,  the  minimum  temperature  required  for 
calcining  the  CaC03  is  more  than  800  °C. 

It  also  has  been  shown  that  the  capture  of  C02  from  air  is  possi¬ 
ble  using  a  cryogenic  plant  and  that  it  can  be  economical  if  a  high 
C02  concentration  of  the  feed  (more  than  20%)  is  applied  [25,105]. 
This  separation  process  is  one  of  the  most  popular  air  separation 
processes,  and  it  has  been  frequently  used  in  medium  to  large-scale 
plants  [93].  It  is  the  most  preferred  technology  for  producing  pure 
gaseous  and  liquid  products.  Furthermore,  cryogenic  separation  is 
supposed  to  be  the  most  cost  effective  technology  for  high  quality 
gas  and  high  production  rate  plants  such  as  02  enrichment  from 
air  or  capturing  C02  from  flue  gas  [106-108].  As  a  consequence,  as 
high  quality  and  high  purity  gases  are  produced  (99.99%  purity), 
more  energy  is  consumed  and  may  cost  up  to  USD  37  million  for 
complete  process  [95]. 

From  these  three  separation  technologies,  it  seems  that  chemi¬ 
cal  absorption  and  solid  physical  adsorption  are  reliable  processes 
for  capturing  a  low  concentration  of  C02  from  the  air.  How¬ 
ever,  the  regeneration  of  chemicals  and  sorbent  materials  may 
reduce  the  benefits  of  both  processes.  Interestingly,  researchers 
of  gas  separation  technologies  have  quickly  acquired  or  developed 
membrane-based  processes  to  supplement  older  processing  routes 
[109,110].  The  multiple  benefits  of  the  C02  separation  technology 
that  were  promised  by  early  innovators  have  been  proven  in  a  vari¬ 
ety  of  installations  in  many  places  around  the  world  [1 1 1  ].  At  the 


Table  2 

Description  of  CO2  capture  technologies. 


Process 

Descriptions 

Operation 

Capture 

Disadvantages 

Chemical  absorption 

Based  on  reaction  or 
solubility  of  a  gas  and 
can  be  described  by 
Henry’s  law  [83] 

Low  temperature  [10-50°C]  and  will 
be  regenerated  at  low  pressure  and 
temperatures  ranging  between  50  and 

130 °C  [85] 

-50-95%  [86] 

Consumed  higher 
energy  for  CO2 
recovery  [87] 

Solid  physical  adsorption 

The  CO2  diffusion  was 
controlled  by 
micropore  size  and 
reactivity  [88] 

25  and  1 05  °C  at  pressure  up  to  1 5  bar 
[87] 

-55-92%  [89,90] 

Increased  the  heat 
energy  for  recycling 
the  adsorbent  in  the 
next  cycle[92] 

Cryogenic  separation 

Distillated  component 
at  a  certain 
temperature  and 
pressure  [92] 

Low  as  -100°C,  and  at  high  pressure, 
almost  40  bars,  to  provide  necessary 
removal  of  components  [93,94] 

More  than  95%  [93] 

Required  pilot  plant 
scale  which  consumed 
more  than  USD  37 
million  [93] 

Membrane  separation 

Separation  depended 
on  physical  properties 
of  gases [94] 

Can  be  positioned  either  way  with  a 
multi-stage  operation  system  without 
any  separating  agent[91  ] 

-50-90%  [95,96] 

Low  selectivity  at  high 
permeability  [97] 
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moment,  the  most  widely  used  membrane  materials  for  gas  sep¬ 
aration  are  polymers  [97].  Polymers  are  attractive  materials  for 
membranes  because  they  are  flexible  enough  to  be  processed  into 
flat  sheet  membranes  or  hollow  fiber  membranes.  The  flat  sheet 
membranes  can  be  packaged  as  spiral-wound  modules  whereas 
the  hollow  fiber  membranes  can  be  arranged  into  a  tube-and-shell 
configuration.  Furthermore,  polymers  can  also  be  easily  used  for 
various  filtration  process,  such  as  microfiltration  (MF),  ultrafiltra¬ 
tion  (UF)  and  reverse  osmosis  (RO). 

A  number  of  membranes  are  commercially  available  for  the 
separation  of  C02  and  the  subsequent  treatment  of  global  warm¬ 
ing  [97,112,113].  According  to  Brunetti  et  al.  [Ill],  although 
the  membrane  selectivity  of  C02  separation  is  almost  100,  the 
permeability  of  C02  from  flue  gas  is  low.  In  general,  the  per¬ 
meability  of  pure  C02  (single  gas)  should  be  in  the  range  of 
1 100-2200  Barrer  (1  Barrer  =  3.348  x  10~19  kmolm/(m2  sPa))  [97]. 
Thus,  proper  selection  of  the  membrane  material  is  extremely 
important  as  it  can  determine  the  ultimate  performance  of  the 
gas  separation  module.  Finally,  the  approach  of  membrane  sepa¬ 
ration  technologies  for  capturing  C02  can  offer  several  practical 
advantages,  including  high  selectivity  at  low  cost  processes,  and 
it  has  the  potential  to  exert  a  positive  influence  on  microalgal 
development. 

4.2.  Membrane  separation  for  capturing  carbon  dioxide 

Gas  separation  is  usually  achieved  by  physical  or  physico¬ 
chemical  phenomena.  Over  the  past  two  decades,  gas  separation 
using  polymeric  membranes  has  drawn  a  great  deal  of  inter¬ 
est  from  researchers  due  to  its  many  advantages  such  as 
low  energy  costs  and  high  selectivity.  Furthermore,  the  poly¬ 
mer  membrane  seems  to  be  selected  more  than  other  C02 
separation  processes  since  it  is  much  safer  and  provides  an 
easier  separation  process  [114-117].  Up  until  recently,  eight 
polymer  materials  have  been  commonly  used  for  the  C02 
separation  process  [97].  Most  separation  processes  are  per¬ 
formed  on  homogenous  dense  membranes  [14].  It  has  been 
reported  that  in  order  to  capture  C02,  especially  from  the 
flue  gas,  a  membrane  should  have  the  following  properties, 
namely  [97]: 

(a)  high  permeability  for  pure  C02  gas  in  the  range  of  1100-2200 
Barrer; 

(b)  high  C02 /N2  selectivity,  for  example  the  ideal  selectivity  of  1 560 
on  the  polyaniline  membrane; 

(c)  thermal  and  chemical  resistance  to  avoid  membrane  destruc¬ 
tion  at  temperatures  higher  than  100  °C  for  flue  gas  treatment; 

(d)  plasticization  resistance  to  avoid  membrane  swelling  at  pres¬ 
sures  as  high  as  10  atm; 

(e)  aging  resistance,  which  will  maintain  membrane  separation 
performance  each  time; 

(f)  cost  effective  for  developing  a  module  or  plant  for  C02  separa¬ 
tion  and  treatment; 

(g)  the  ability  to  be  cheaply  manufactured  for  different  membrane 
modules  and  arrangements. 

Generally,  most  polymeric  membranes  for  C02/N2  separations 
show  C02/N2  selectivity  in  the  range  of  5-50  [97].  Researchers 
have  used  liquid  absorbents  to  improve  membrane  selectivity 
for  C02  recovery.  For  example,  Francisco  and  co-workers  [118] 
used  alkanolamine  liquids  to  increase  the  C02/N2  selectivity  of  a 
poly(vinyl  alcohol)  (PVA)  membrane  to  more  than  100.  However, 
liquid  absorbents  always  face  difficulties  such  as  liquid  degra¬ 
dation,  equipment  corrosion  and  the  release  of  volatile  organic 
compounds  [119].  It  has  been  indicated  that  ionic  liquids  can  offer 
a  better  solution  for  these  difficulties  and  that  they  are  more  sta¬ 


ble  compared  to  conventional  liquid  absorbents  [120].  According 
to  Rahman  et  al.  [121],  ionic  liquids  also  show  good  feasibil¬ 
ity  for  the  capture  of  C02  from  air.  Ionic  liquids  can  be  used  to 
treat  higher  concentrations  of  C02,  especially  in  flue  gas.  This 
is  because  C02  has  high  solubility  in  ionic  liquids.  For  instance, 
C02  dissolved  approximately  a  0.2  molar  fraction  in  l-butyl-3- 
methylimidazolium  hexafluorophosphate  [bmim][PF6],  whereas 
other  gases  such  as  ethylene  (C2H4),  ethane  (C2H6),  methane 
(CH4),  argon  (Ar)  and  oxygen  (02)  only  dissolved  less  than  a  0.1 
molar  fraction  in  the  same  ionic  liquid  [121].  Hence,  it  would 
be  encouraging  if  these  liquids  could  be  solidified  and  grafted  to 
a  polymer  membrane  surface  to  enhance  membrane  selectivity 
and  to  avoid  the  leakage  problems  of  liquid  forms.  In  addition 
to  great  C02  absorption,  solid  absorbents  allow  only  a  slight  loss 
compared  to  liquid  forms  when  a  certain  temperature  is  applied 
[119].  Tang  and  co-workers  [122]  provided  ionic  liquids  in  a  poly¬ 
mer  form  called  poly(ionic  liquid)s  for  C02  gas  separation.  These 
results  showed  that  the  adsorption  ability  of  the  poly(ionic  liq¬ 
uid^  was  up  to  7  times  greater  than  conventional  ionic  liquids. 
However,  brittleness  is  the  main  problem  with  poly(ionic  liquid) 
membranes.  Despite  showing  a  better  performance  at  C02  absorp¬ 
tion,  poly( ionic  liquid)s  can  be  easily  crushed  at  room  temperature 
[119]. 

Recently,  to  the  best  of  our  knowledge,  very  limited  work 
has  been  carried  out  on  membrane  separation  for  the  capture  of 
C02  from  the  ambient  atmosphere,  except  for  the  separation  of 
low  concentrations  of  C02,  especially  in  closed  spaces  [123-126]. 
Chen  et  al.  [123]  reported  that  the  partial  pressure  of  C02  in  a 
closed  space  caused  by  breathing  is  around  0.005  atm  or  0.5%  of 
the  C02  concentration.  Conventionally,  the  separation  process  for 
this  low  concentration  of  C02  (0.5%)  is  performed  by  the  adsorp¬ 
tion/reaction  using  adsorbents/reagents  which  are  discarded  when 
saturated.  As  well  as  using  adsorbents/reagents,  Chen  et  al.  [123] 
has  used  an  immobilized  liquid  membrane,  a  glycerol-based  liq¬ 
uid  membrane,  to  improve  membrane  selectivity.  As  a  result,  the 
C02/N2  separation  factor  at  this  low  concentration  (0.5%  of  C02) 
was  observed  to  be  over  5000  and  it  showed  a  stable  performance 
even  when  the  sweep  gas  was  introduced.  In  our  previous  works 
[124-126],  we  attempted  to  use  a  hydrogel  for  membrane  sep¬ 
aration  in  order  to  increase  membrane  selectivity  for  separating 
low  C02  concentrations.  In  these  experiments,  one  of  our  group 
[125]  has  designed  a  system  to  remove  C02  from  the  air  using 
a  polyvinylidene  fluoride-polyvinyl  acetate  (PVDF-PVA)  hydro¬ 
gel  membrane  to  replace  conventional  separation  methods  (i.e. 
absorption  and  adsorption).  By  using  this  PVDF-PVA  hydrogel 
membrane,  the  C02  concentrations  were  reduced  from  0.6-1. 3% 
to  0.4-0.9%  at  the  outlet  stream.  Other  work  in  our  group  [124] 
used  a  hollow  fiber-containing  carbonic  anhydrase  (CA)  hydro¬ 
gel  membrane  contactor  to  recover  the  C02  concentration  around 
to  0.52  vol%.  As  a  result,  the  C02  concentration  was  reduced  to 
less  than  0.09%  at  the  feed  outlet  [124].  Meanwhile,  another 
effort  [126]  utilized  a  poly(acrylic  acid-co-acrylamide)/hydrotalcite 
(PAA-AAm/HT)  nanocomposite  hydrogel  which  was  filled  between 
PVDF  fibers  to  control  the  C02  concentrations  in  a  closed  life- 
support  system.  In  this  work,  nearly  45%  of  the  C02  was  recovered 
from  the  inlet  C02  concentrations  in  the  range  of  0.1 -0.9%.  Inter¬ 
estingly,  the  performance  of  a  hydrogel  as  an  active  layer  on  the 
membrane’s  surface  for  the  capture  of  C02  from  ambient  air  can 
be  induced.  This  is  because  these  hydrogels  (PVDF-PVA,  CA,  PAA- 
AAm/HT)  have  been  shown  to  have  the  capability  of  absorbing 
low  C02  concentrations  (0.5-1%)  [124-126].  Finally,  this  section 
shows  that  in  order  to  integrate  membrane  separation  into  a  pho¬ 
tobioreactor,  the  membrane  must  be  able  to  remove  C02  from 
the  air  and  capture  low  concentrations  of  C02  from  the  air.  Then, 
the  captured  C02  will  be  accumulated  for  microalgal  growth  and 
consumption. 
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5.  C02  capture  and  utilization  by  a  selective  integrated 
membrane  photobioreactor 

The  term  “integrated  membrane  system”  is  frequently  used  to 
describe  a  treatment  system  that  incorporates  membrane  sepa¬ 
ration  and  available  technologies  in  order  to  achieve  a  particular 
product  or  goal.  In  order  to  integrate  membrane  separation  with 
an  existing  photobioreactor,  the  membrane  separation  process 
requires  interdisciplinary  research  with  contributions  from  biol¬ 
ogy,  chemistry  and  physics.  Integrated  membrane  systems  have 
been  applied  for  hydrogen  production,  C02  removal  and  for  mon¬ 
itoring  the  optimal  C02  concentration  in  bioreactors  [127].  Our 
earlier  works  implemented  the  membrane  separation  process  in 
a  photobioreactor  system  to  improve  C02  distribution  [33,41,78]. 
It  is  undoubtedly  true  that  using  membrane  separation  can  increase 
C02  distribution  in  a  microalgal  medium.  However,  there  is  no 
improvement  in  atmospheric  air  since  the  source  of  C02  for 
microalgal  cultivation  has  not  been  considered.  In  order  to  treat 
and  improve  atmospheric  air  with  an  existing  system,  capturing 
C02  via  the  membrane  separation  process  is  implemented  by  a  pho¬ 
tobioreactor  system.  It  is  believed  that  capturing  C02  from  the  air 
via  an  integrated  membrane  separation  photobioreactor  will  pro¬ 
vide  a  continual  C02  feedstock  for  the  culture  and  will  consume 
the  C02  already  added  to  the  atmosphere  without  generating  fur¬ 
ther  C02  gas.  Therefore,  an  appropriate  and  selective  membrane  for 
continuously  capturing  C02  needs  to  be  developed  where  only  low 
concentrations  of  C02  are  available. 

In  order  to  continuously  capture  C02  using  membrane  separa¬ 
tion,  selective  polymer  membranes  with  a  reversible  C02  function 
are  preferred.  This  is  due  to  the  low  concentration  of  C02  in  the 
atmosphere,  which  is  not  enough  for  microalgal  cultivation.  In  prin¬ 
ciple,  an  amine  with  the  -NH2  functional  group  is  always  shows 
a  reversible  reaction  for  the  absorption  and  desorption  of  C02 
[86,87,118].  According  to  Xu  et  al.  [128],  an  amine  in  the  polymer 
form,  polyethylenimine  (PEI),  also  showed  an  excellent  perfor¬ 
mance  at  capturing  C02.  Polyethylenimine,  which  has  branches  of 
-NH2  functional  groups,  can  react  with  C02  molecules  to  capture 
them.  In  comparison  with  a  single  functional  group,  branches  of 
-NH2  functional  groups  have  the  capability  of  spreading  the  C02 
reaction  in  the  polymer  to  capturing  C02  from  air.  Thus,  Xu  et  al. 
[128]  recommended  that  in  order  to  capture  C02  continuously,  PEI 
must  be  utilized  in  the  membrane  separation  process.  Other  than 
this,  ionic  liquids,  which  can  be  switched  to  the  polymer  form,  also 
have  the  functionality  to  absorb  and  to  desorb  C02  [  1 21 ,1 22].  A  pre¬ 
vious  experiment  showed  that  when  different  pressures  of  feed  and 
permeate  sides  are  applied  to  a  polyvinyl  acetate  (PVA)  membrane 
comprising  an  alkanolamine  liquid,  C02  can  be  released  from  the 
carrier  and  a  C02/N2  selectivity  of  more  than  100  can  be  achieved 


Fig.  3.  Transport  mechanism  of  CO2  by  selective  membrane  surface  with  reversible 
reaction. 


[118].  Thus,  it  can  be  accepted  that  the  attachment  of  chemicals 
with  a  reversible  C02  functionality  on  the  surface  of  a  membrane 
may  show  similar  phenomena. 

Fig.  3  shows  a  concept  of  capturing  C02  for  enrichment  by  an 
active  membrane  surface.  In  this  concept,  the  concentration  of  C02 
from  ambient  air  is  fed  through  the  membrane  and  the  C02  pen¬ 
etrates  through  the  active  layer  of  the  membrane.  Interestingly, 
this  concept  uses  pressure  differences  as  the  driving  force  allowing 
the  permeation  of  C02  gas.  In  addition,  the  brittleness  of  the  active 
support,  such  as  poly(ionic  liquid)s,  can  be  avoided  if  supportive 
material  is  applied.  For  this  reason,  as  can  be  seen,  continuous  C02 
capture  from  the  air  is  able  to  cooperate  with  microalgal  cultiva¬ 
tion  for  a  continuous  distribution  of  C02.  The  incorporation  of  the 
membrane  separation  process  for  capturing  C02  while  cultivating 
microalgae  is  a  significant  achievement.  The  process  of  selective 
membrane  separation  incorporating  the  photobioreactor  process 
will  be  arranged  as  shown  in  Fig.  4.  It  is  expected  that  with  a  selec¬ 
tive  membrane  material  and  pressure  differences  as  the  driving 
force,  the  enriched  C02  gas  will  permeate  into  the  enriched  C02 
stream.  Then,  the  enriched  C02  gas  will  be  distributed  throughout 
the  microalgal  medium  for  the  cultivation  process.  Afterwards,  any 
unconsumed  C02  will  be  recycled  again  to  avoid  C02  losses.  In  this 
schematic  diagram,  it  is  also  recommended  that  the  purity  of  the 
enriched  C02  is  controlled  so  that  it  stays  at  a  certain  concentra¬ 
tion,  for  example,  1%  C02,  in  order  to  cultivate  microalgae  such  as 
Chlorella  vulgaris.  Finally,  with  these  abilities,  the  system  will  be 
practical  for  capturing  atmospheric  C02  for  microalgal  cultivation 
systems  in  any  land  area. 

The  capture  of  C02  from  the  atmosphere  for  microalgal  culti¬ 
vation  is  still  under  development.  However,  this  technology  has 
extraordinary  attention  compare  with  technologies  that  already 
exist  for  cutting  C02  emissions.  Introducing  C02  capture  from  the 
atmosphere  for  microalgal  cultivation  provides  two  important  ben¬ 
efits.  This  capturing  process  not  only  reduces  C02  levels  in  the 
air,  but  it  is  also  a  promising  technology  for  providing  suitable 
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Fig.  4.  Schematic  of  gas  membrane  separation  incorporated  photobioreactor  on  CO2  enrichment  process. 
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concentrations  of  C02  for  microalgal  development  in  order  to  gain 
the  benefits  from  microalgal  production. 

6.  Outlook 

Capturing  C02  from  ambient  air  has  been  proven  possible  under 
atmospheric  conditions.  Although  it  has  higher  thermodynamic 
barrier  and  needs  high  energy  and  material  costs,  it  provides  a 
significant  effort  for  managing  carbon  climate  risks  from  spread 
sources.  Regardless  of  using  flue  gases,  it  is  beneficial  if  the  C02 
from  ambient  air  can  be  used  as  a  feedstock  for  microalgal  cultiva¬ 
tion  processes.  Despite  the  experience  of  C02  fixation  in  microalgal 
technology,  many  extraordinary  challenges  are  involved  in  its 
operation.  Low  C02  concentration  in  the  air  (~400ppm),  limits 
C02  utilization  by  microalgae.  Moreover,  unexpected  C02  loses 
during  microalgal  cultivation  must  be  fixed  using  enhanced  C02 
distribution  systems.  In  addition,  the  inclusion  of  better  C02  dis¬ 
tribution  systems  have  been  introduced,  an  improvement  allowing 
the  microalgal  cultivation  process  to  be  integrated  with  C02  cap¬ 
ture  from  air.  The  membrane  separation  process  is  believed  to  be 
one  of  the  most  attractive  technologies  in  terms  of  its  advantages 
in  dealing  with  the  gas  separation  process.  Because  of  the  low 
concentration  of  C02  in  the  air,  an  active  layer  membrane  with 
a  continuously  reversible  C02  absorption  and  desorption  function 
should  be  provided  to  increase  the  C02  capturing  performance.  Sig¬ 
nificantly,  by  introducing  this  membrane,  the  captured  C02  can  be 
utilized  continuously  in  the  microalgal  cultivation  process.  Hence, 
microalgae  in  particular,  could  easily  acquire  the  required  C02  con¬ 
centration  even  though  only  low  C02  concentrations  are  available. 
The  capture  of  C02  from  air  by  an  integrated  membrane  photo¬ 
bioreactor  is  still  under  development.  There  are  some  limitations 
which  have  to  be  considered,  for  example  the  accumulation  poten¬ 
tial  for  very  diluted  C02  concentrations  (less  than  400  ppm)  and 
membrane  fouling  problems.  Since  microalgae  use  photosynthesis 
to  consume  C02  from  the  air,  the  process  of  capturing  C02  from 
air  could  compensate  for  any  emissions  and,  ideally,  could  be  per¬ 
formed  in  any  areas  at  any  time. 
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